Background: With the development of assisted reproductive technology (ART), diseases believed to be caused by ART have begun to be identified as imprinted disease. However, no conclusion has been reached. So we sought to determine whether ART procedures disturb gene methylation and whether imprinted genes alone are selectively disturbed. To examine whether the constituents of the culture medium contribute to the changes in methylation, we used a mouse model to conduct IVF and comprehensively analyzed 5′-C-phosphate-G-3′ (CpG) by reduced representation bisulfite sequencing (RRBS) using a second-generation sequencer to determine changes in methylation using four types of culture media with different amino acid constituents. Results: We cultured ova to the blastocyst stage in a mouse model in culture media with four different amino acid constituents. Each culture medium included (1) KSOM culture medium (NoAA), (2) KSOM media + essential amino acids (EAAs), (3) KSOM medium + non-essential amino acids (NEAAs), or (4) KSOM medium + EAAs + NEAAs (AllAA) analyzed by reduced representation bisulfite sequencing. The results showed that (1) there were many regions that maintained hypermethylation with NEAAs, (2) there was little effect of demethylation on reprogramming in the 5′ UTR and promoter regions, and (3) specific changes were observed in imprinted genes such as Nnat and Nespas. Conclusions: Compared with EAAs, NEAAs could protect genes from demethylation caused by reprogramming. On the imprinted genes, methylation of the promoter region of H19 was decreased by NEAAs, suggesting that specific genes were prone to changes in methylation. It was suggested that these changes could provide similar results in humans. Further studies are needed to understand how changes in methylation may affect gene expression profiles.
Background
In 1978, Robert Edwards and Patrick Steptoe, an obstetrician and a gynecologist, developed basic assisted reproductive technology (ART) [1] . Since then, various methods have been employed to improve fertility rate. These include changes in the timing of ovum collection, changes in the types and numbers of ovulation-inducing agents, in vitro fertilization (IVF) and intracytoplasmic sperm injection (ICSI) as part of IVF, and types of culture media used. The number of births through ART till date exceeds 5 million and accounts for 3% of births in Japan. According to various comparative studies, fertility rate outcomes have improved. However, in recent years, diseases believed to be caused by ART have begun to be identified [2] . While there are various phenotypes, epigenetic disruption caused by a series of ART procedures is mainly believed to be the underlying cause of disease. In particular, it is believed that the disruption of imprinted gene expression causes diseases such as Beckwith-Wiedemann syndrome [3] . Researchers worldwide have reported a causal relationship with imprinted genes; however, the incidence of imprinting defect is extremely low [4] . No conclusion has been reached because it is difficult to identify a clear relationship between imprinting defects and methylation. However, we sought to determine whether ART procedures disturb gene methylation and whether imprinted genes alone are selectively disturbed. To examine whether the constituents of the culture medium contribute to the changes in methylation, we used a mouse model to conduct IVF and comprehensively analyzed 5′-C-phosphate-G-3′ (CpG) by reduced representation bisulfite sequencing (RRBS) using a second-generation sequencer to determine changes in methylation using four types of culture media with different amino acid constituents.
Methods

Ovulation induction and ovum collection
Blastocysts were obtained by mating 8-week-old female and male mice from the Institute for Cancer Research (Charles River Laboratories Japan). Mice were exposed to daylight in the laboratory for 12 h (8 am to 8 pm). The incubator temperature was set at 37°C with CO 2 at 5%. Ovarian stimulation was performed using pregnant mare's serum gonadotropin 7.5 IU and human serum chorionic gonadotropin 7.5 IU. Pregnant mare's serum gonadotropin was injected in female mice; 48 h later, human serum chorionic gonadotropin was injected. Seventeen hours later, the cervical spines of the female mice were dislocated, after which oocyte masses were collected without delay from the ampulla of the fallopian tube. The ova were left for 1 h in human tubal fluid culture; next, IVF was performed using sperm insemination. The preparation was stored in an incubator for 2 h and 30 min; the fragmented ova were removed and the fertilized eggs alone were selected. Eggs were divided into four groups, each flushed with a culture medium containing a different concentration of amino acids: (1) NoAAs = KSOM medium (EmbryoMax® KSOM Embryo Culture (1X), Merck Millipore), (2) EAAs = KSOM medium + Essential Amino Acid (MEM Amino Acids Solution, life technologies), (3) NEAAs = KSOM medium + Non-Essential Amino Acid (MEM Non-Essential Amino Acids Solution, life technologies), and (4) AllAAs = KSOM medium + Essential Amino Acid + Non-Essential Amino Acid (Table 1) .
After flushing with these media, the preparation was cultured until the E = 3.5 blastocyst stage. After culturing, in accordance with the Gardner's grading system, fragmented ova and embryos that stopped growing were removed and mature blastocysts exhibiting good cleavage were selected [5] .
Reduced representation bisulfite sequencing protocol
Referring the methods developed by Hongcang Gu and Patrick Boyle et al. [6, 7] , we proceeded with the following protocol. Prior to thawing the blastocysts, DNA was rapidly collected using the QIAamp® DNA Micro Kit (QIAGEN, Japan). The extracted genomic DNA was cleaved using restriction enzyme MSPI (C↓CGG) (Thermo Scientific, Japan). Upon performing gap filling with Klenow fragments (Thermo Scientific), A-tailing was performed. Thereafter, ligation was performed using L4 ligase (Thermo Scientific) and bisulfite conversion was performed using a bisulfite conversion kit (Methy-lode™, Invitrogen). After purification, library amplification was performed by polymerase chain reaction (PCR) using a thermal cycler (Veriti™, Applied Biosystems, Japan). The cycle conditions were set as 98°C for 45 s, followed by 98°C for 15 s, 60°C for 30 s, and 72°C for 30 s for total 18 cycles. To determine whether good amplification had been obtained, we verified that the target peak is obtained in electrophoresis using a 2100 Bioanalyzer (Agilent).
Data collection
Sequencing was conducted using the Hi-Seq™1500 (Illumina), and the FASTQ file was mapped using a program called the OKUMURA Pipeline NS0048 (National Center for Child Health and Development, Japan) which combines the following mapping programs: Bismark (www.bioinformatics.babraham.ac.uk/projects/bismark/), Bowtie (http://bowtie-bio.sourceforge.net/index.shtml), and Trim Galore (www.bioinformatics.babraham.ac.uk/ projects/trim_galore). Data such as the BAM text files were read and analyzed using the analysis software R (https://www.r-project.org/). In addition, the coverage and consistency of each sample in the data was visually verified using an IGV viewer (http://software.broadinstitute.org/software/igv/). Imprinted genes exhibiting major changes in methylation were extracted. All experiments on this study have been approved by the National Center for Child Health and Development. All experiments were performed in accordance with relevant guidelines and regulations.
Statistical analysis
Data were analyzed using the analysis software R. For methylation analysis, differentially methylated region (DMR) annotation and graph depiction, we used the MethylKit [8] , edmr [9] and ggplot 2 of the R Package Software. For annotation, we used the Linux software Homer (http://homer.salk.edu/homer/). The terms hypermethylation and hypomethylation used in this report are defined as a change in methylation by 25% compared with blastocysts cultured in the KSOM culture medium alone [10] .
Results
We used 26 The amount of specimens collected from all groups amounted to the 10 ng input of genomic DNA (gDNA) required for RRBS. DNA was extracted using QIAamp® DNA Micro Kit (50) (QIAGEN) from collected blastocysts and was cryopreserved without delay at − 80°C, after which we proceeded with the RRBS protocol. Figure 1 presents the results of the sequencing (Illumina Hiseq1500). Overall, reading was centered on the transcription starting site (TSS). Furthermore, a large proportion of CpG were observed in the exon and promoter regions (Fig. 2 ).
Next, we divided and compared the aforementioned region according to CpG islands (CGI) and non-CGI ( Fig. 3 ). The proportion of CGI was high in the promoter and 5′UTR regions, which was consistent with the readings around the TSS.
Next, we compared each culture medium. The proportion of CpG sites with hypermethylation, hypomethylation and no change in each region is outlined in Fig. 4a d. With all culture media, demethylation was observed in approximately 100% of the promoter and 5′UTR regions as a result of reprogramming. The overall distribution of methylation revealed hypermethylation in the intergenic and intron regions, with hypomethylation in TSSs, indicating that the results of the present study were consistent with those reported in previous studies [11] . Loci that maintained hypermethylation as a result of escaping demethylation through reprogramming was more abundant in NEAA compared with EAAs. Fisher's exact test was performed to compare hypermethylation in exons and promoter regions of EAAs (14937 loci), hypermethylation in in other loci (580415 loci), hypermethylation in exons and promoter regions by NEAAs (20619 loci), and hypermethylation in other loci (574733 loci). A significant difference was noted with a p value of 2.2e-16 (< 0.05).
Next, using NoAAs as the control, we compared CpG with increases or decreases of over 25% for each culture medium (Fig. 5a-c) . With NEAAs, most regions shifted to hypermethylation.
Fisher's exact test was performed to compare hypermethylation in exons and promoter regions with that in other regions between EAAs and NEAAs, and a significant difference was observed (p = 2.2e-16). Similar comparison was made between AllAAs and NEAAs, which also showed a significant difference (p = 2.2e-16).
In the 5′UTR and promoter regions, the changes to hypermethylation and hypomethylation were extremely small for all culture media. Further, we analyzed imprinted genes in which methylation was observed to be considerably changed (file. 1.2). A total of 149 types of imprinted genes recorded on the Gene imprint (www. geneimprint.com/site/home) were extracted. As a result, we found this mapped to CGI at a total of 3304 sites of paternal genes and 2777 sites of maternal genes, for an overall total of 6081 sites.
Among which, using NoAAs as a control, we extracted sites showing changes of over 25% for all culture media, limited to the promoter and exon regions.
As a result, we extracted 532 sites on the paternal gene and 295 sites on the maternal gene. Genes extracted from the paternal gene included Zdbf2, Sfmbt2, Mcts2, Nnat, Nespas, Magi2, Peg10, Mest, Nap1l5, Peg3, Snrpn, Snurf, Magel2, Mkrn3, Peg12, Gab1, Mir184, Rasgrf1, Plagl1, Zrsr1, Dlk13, Peg13, and Jpx. On the maternal gene, we extracted Gatm, Ppp1r9a, Klf14, Zim1, Peg3os, Zim3, Ampd3, H19, Th, Cdkn1c, Slc22a18, Nap1l4, Ano1, Mir431, Mir127, Kcnk9, Slc22a2, and Igf2r.
As a gene that showed distinct change, Mcts2 showed hypermethylation only with NEAAs and hypomethylation in the other culture media. Nnat showed particularly high hypomethylation. On Nespas, hypomethylation was observed in all culture media, and Nap114 showed hypermethylation only with AllAAs (in other culture media, the methylation rate was 0%). H19 exhibited a marked decrease in methylation with NEAAs.
Discussion
RRBS used in the current study has advantages such as the ability of conducting focused mapping on CpG-rich exon or promoter regions at a single base level, which is suitable for comprehensive analysis. Theoretically, analysis can be performed with as little as 1-10 ng of specimen; however, for other methods, gDNA of minimum volumes in μ grams is needed till date. Thus, to analyze methylation in early embryos, a large volume of specimens was needed. Therefore, RRBS is suitable for the analysis of methylation in early embryos with small amounts of gDNA [6, 7] .
A limitation is that RRBS is a semi-comprehensive analysis rather than a comprehensive analysis of methylation such as post-bisulfite adaptor-tagging. However, the results of the present experiment focusing on CpGrich sites are consistent with those of the comprehensive analyses. A certain blastocyst sample volume is required for the RRBS protocol that is appropriate for analysis. If a large proportion of the blastocysts are in a methylated state that is largely deviated from others, this may affect the mean value obtained from analysis. Various reports indicate that the conditions of the culture medium affect the epigenetics of pre-implanted embryos, as observed in large offspring syndrome and Beckwith-Wiedemann syndrome [12, 13] . Furthermore, depending on the amino acids and electrolyte composition of the culture medium, the blastocyst development rate remarkably changes [14, 15] . In embryos that cease to grow or die, there are underlying problems of aneuploidy, metabolic requirements and ammonium production [16] ; however, it is likely that the difference in the in vitro environment induced epigenetic changes, which consequently may have resulted in embryonic death [17] .
In the history of culture media, Harrison successfully developed a medium in 1907. Since then, progress has been made with various approaches and improvements. In the 1950s, Whitten was the first to successfully culture eight-cell mouse embryos to the blastocyst stage [18] . Thereafter, the basic approaches to the most suitable culture medium have been the "let the embryo choose" principle and the "back to nature" principle [19] . The KSOM medium is a common culture medium based on the "let the embryo choose" principle. From the perspective of energy requirements switching from pyruvic acid in the early stage to glucose in the late stage of pre-implanted embryonic development [20] , the KSOM medium contains well-balanced nutrients and the necessary buffer constituents.
When following the "back to nature" principle, another reason for selecting KSOM is that the in vivo environment changes with embryonic growth. It is believed that the medium should be close to the in vivo environment; thus, the concept of sequential media has gained popularity. However, continual changes in the culture medium increases stress on the embryo, and because the growth factors secreted by the embryo becomes diluted in the new medium, there are advantages and disadvantages to both a single medium and sequential media, and the question remains controversial [21] . In this study, we compared changes in methylation caused by the addition of amino acids and used KSOM as the basic medium.
It has been reported that amino acids show minimal impact in terms of blastocyst formation. However, with increasing concentration of amino acids, the probability of hatching increases, the number of inner cell masses increases and the formation of the extracellular matrix becomes closer to normal [16, 22] . Alternatively, it has been reported that EAAs reduce the blastocyst maturation and development rates, to which NEAAs show a compensatory effect. It has been reported that even with administration of NEAAs alone, good blastocyst outcomes are achieved [16, 23] . Conversely, Whitten and Conaghan developed embryos till the blastocyst stage in human and mice culture media without amino acids, and they reported that the 20 essential and NEAAs were not absolutely essential for growth [24] . Many other reports can also be found that question the most suitable constituents of culture media [25] . Ammonium is a product of amino acid metabolism; however, it is reported to be harmful for pre-implanted embryos [16] . The use of multiple culture media simulating the in vivo environment as much as possible has been found to improve embryo development [26] . As per the "let the embryo choose" principle, the most suitable medium for the embryo is experimentally determined [19] , and as per the "back to nature" principle [27] , the culture medium closely reproduces the in vivo environment. The question as to which of these is most suitable for the embryo remains controversial [28] . The reports mentioned above describe results limited to specific gene loci, imprinted genes and DMR; thus, it is possible that methylation is disrupted at other genes that were not analyzed. Amino acids may exert subtle effects (not to a degree of exerting lethal genome-wide changes). To elucidate this, we added amino acids with different constituents to the KSOM culture. Although there was no major difference in the blastocyst development rate according to the presence or absence of added essential and NEAAs, the development rate was lower in culture media containing both essential and NEAAs. This suggested that both types of amino acids may be important for the initial stage of embryonic development.
The current study is the first report that comprehensively analyzed changes in methylation according to different conditions of culture media in blastocysts.
In this study, we found that (1) uniform mapping was performed by RRBS; (2) there were many regions that maintained hypermethylation, particularly with NEAAs;
(3) there was little overall effect of demethylation from reprogramming in the 5′UTR and promoter regions; and (4) specific changes were observed in imprinted genes, such as Nnat and Nespas.
Overall, results of our analysis revealed that CpG mapping was uniformly performed in all culture media, and there was no difference according to mapping between each culture medium, which shows that good data were obtained. This was also supported by the fact that CGI accumulation was mostly in CpG-rich promoter and exon regions ( Figs. 1 and 2) . When focusing on each culture medium, as shown in Fig. 4 , many sites were found that maintained methylation in medium with NEAAs compared with other culture media. This suggested that when compared with EAAs, NEAAs protected genes from demethylation caused by reprogramming.
In terms of protecting methylation disturbance, Fig. 5 shows that there was little change in methylation in the promoter and 5′UTR regions. This could suggest the presence of a mechanism to protect changes in methylation in regions that were important for translation from external factors (in the present study, to prevent stimulation, i.e., changes in amino acids).
Focusing on individual genes, we observed methylation changes in genes that have been reported to be defective in human imprinting disorders, such as the imprinted genes: Nnat, Nespas, Snrpn, Snurf, H19, and Mest.
As noted by Adam et al., changes in methylation of CpG in pre-implantation embryos are strongly affected by the culture medium constituents [29] , and this also affects RNA expression such as in metabolism-related genes [23] . In the current experiment, we also found methylation changes in Acaca and Slc3a1 genes associated with metabolism.
In particular, methylation in the promoter region of Slc3a1 increased to hypermethylation only with NEAAs. We observed methylation disturbances in many of the same genes that have been previously reported to be prone to methylation disturbance owing to the external environment. In the present study, it was suggested that the addition of NEAAs induced a mechanism by which methylation was particularly preserved from external stimuli.
Conclusion
In recent years, it has become possible to comprehensively and efficiently examine methylation in specimens, and in the current study, we were able to extensively examine the effects of methylation. When comparing the current experiment with previous reports and comprehensively comparing methylation in human and mouse pre-implantation embryos, comparable results were achieved, which suggested that the changes observed in the current study could provide similar results in humans [30] .
In conclusion, regarding how the changes in methylation observed in the current experiment are associated with gene expression, a report describing gene expression analysis is anticipated.
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